Introduction
Pharmaceuticals and different micro and nanomaterials, used in daily applications, are disposed of and eventually reach rivers and groundwater. Conventional sewage treatment technologies are ineffective in the removal of such pollutants present at trace levels [1] [2] [3] [4] , demonstrating an urgent need for innovative technologies that can effectively deal with these compounds [5] [6] [7] . Photocatalysis is an alternative since it allows their rapid and efficient removal from water, transforming them into by-products with lower toxicity [5, 6] . Among several semiconductor materials, titanium dioxide (TiO 2 ) has a band gap of ~3.10 eV [8, 9] , which make it a suitable photocatalyst for the degradation of organic pollutants because of its low cost, unique optical properties, and availability [10] .
Catalysts can be employed either in a colloidal or in an immobilized form. The removal of such catalyst nanoparticle following water treatment is a major obstacle towards their applicability in an industrial process. Further, nanoparticle's size, large surface area-tovolume ratio and surface energy, strongly leads to agglomeration during operation, decreasing its efficiency [11, 12] . For these reasons, immobilized systems are preferable in water treatment, to avoid the costly and additional final filtration process [13] [14] [15] .
However, the immobilization of photocatalyst nanoparticles to a polymer scaffold is usually weak due to the low attachment of the catalyst onto the supporting material.
Electrospinning is a versatile technique to produce highly porous polymer fibrous membranes with high permeability, small pore size, high specific surface area and good interconnectivity between pores [16, 17] . Synthetic polymers usually present suitable mechanical properties for handling and separation from reaction media. This process can be easily up-scaled for mass production of one-by-one continuous micro and nanofibers from various polymers [16] [17] [18] .
Electrospinning is a straightforward effective technique to immobilize ceramic particles onto the polymer fibers. Polyamide 6 (PA6) and polyamide 12 (PA12)/titanium dioxide nanocomposite membranes were processed by electrospinning [17, 19] . It was reported that for the same photocatalyst concentration, PA6 solvent casting membranes present enhanced photocatalytic performance when compared to PA6 electrospun nanocomposites. Complete degradation of the methylene blue (MB) dye solution was achieved after 170 min for the polymer films, while the electrospun membranes only degraded 70% of the dye, for the same UV radiation exposure time [19] . Electrospun membranes of TiO 2 -PA12 completely removed the dye after 100 min under UV exposure, and showed suitable thermal and mechanical properties [17] .
Poly(methyl methacrylate) (PMMA) is a low cost material that presents good flexibility, mechanical properties, chemical resistance, low density, high durability, and easy availability [20] , which makes this polymer a good candidate to use as supporting layer for inorganic nanoparticles, such as TiO 2 .
Different electrospinning parameters affect fiber formation and ultimately, the average fiber diameter and its distribution. These parameters can be divided in three main categories: a) solution properties (viscosity, solvent properties, and polymer molecular weight; b) jet formation parameters (applied electric filed, flow rate, needle inner diameter, temperature, and moisture). Finally, c) the collection procedure, static or rotating drum or disc collector, and rotation speed determines the fiber diameter and orientation [16] . The number of parameters that influence the fiber diameter and average distribution is thus quite high and experimental design is a powerful tool to determine the parameters with the highest influence on fiber properties.
Orthogonal design is a mathematical method applied to design multilevel experiments, in which selective parameters are chosen to carry out sample experiments from overall experiments on the basis of orthogonality [21, 22] . This method allows one to evaluate the relative importance of each factor and identifies the ideal values for various factors [21, 23] . The approach not only saves experimental time to determine the optimum conditions associated to a trial and error approach, but also raw materials.
In the present work, an orthogonal experimental design was used to assess the importance of the individual electrospinning parameters in the formation of the PMMA average fiber diameter and distribution. Based on the performed analysis, the optimum electrospinning parameters were chosen to achieve TiO 2 -PMMA nanocomposite fibers with a smaller average diameter, increasing the area-to-surface ratio of the membranes.
Wettability, chemical and thermal properties of the pristine and nanocomposite membranes were characterized. It was found that there is a loss of photocatalytic particles during the electrospinning process, especially for higher filler concentrations.
The photocatalytic performance of the pristine and nanocomposite fibers was assessed and correlated to the amount of the photocatalyst present in the fibrous membrane, by following the degradation of MB upon UV radiation exposure and compared to the performance of the TiO 2 suspension. Finally, it was found that the photocatalytic performance of the nanocomposite samples is related to the concentration of photocatalyst present in the electrospun fiber matrix and no ceramic filler was lost from the polymeric fibers during the photocatalytic experiments. with the help of a magnetic stirrer, at room temperature, until complete dissolution.
Experimental

Materials
Electrospinning
The polymer solution was placed in a commercial glass syringe (10 mL) fitted with a steel needle with different inner diameters (0.5, 1 and 1.7 mm). Electrospinning was conducted at different applied electric fields (between 0.8 kV cm -1 and 1.4 kV cm -1 ) with a high voltage power supply from Gamma High Voltage. A syringe pump (KDScientific) was used to feed the polymer solution into the needle tip, and the electrospun fibers were collected on a grounded collecting plate. The distance between the needle and the collector was kept constant at 15 cm.
Experimental design
Electrospinning processing parameters affecting electrospun fiber diameter and distribution, include molecular weight, moisture, temperature, solution viscosity, applied electric field, among others [24] . An orthogonal design 
Electrospun fiber membrane characterization
Electrospun fiber membranes were coated with a thin gold layer using a sputter coater (Polaron, model SC502), and their morphology was analyzed by scanning electron microscopy (SEM) (JCM-6000PLUS Neoscope, from JEOL) with an accelerating voltage of 10 kV. The fiber average diameters and their size distribution was calculated over approximately 40 fibers using SEM images at 3000× magnification and Image J software. Contact angle measurements (sessile drop in dynamic mode) were performed at room temperature in a Data Physics OCA20 device using ultrapure water as test liquid. The contact angles were measured by depositing water drops (3 µL) on the sample surface and analyzed with the SCA20 software. Six measurements were performed in each sample at different membrane locations, and the average contact angle and standard deviation were taken to characterize each sample.
Infrared measurements (FTIR) were performed at room temperature in an IRAffinity-1S
FTIR apparatus from Shimadzu in attenuated total reflectance (ATR) mode from 4000 to 600 cm -1 . FTIR spectra were collected after 32 scans with a resolution of 2 cm -1 . All measurements were performed at room temperature. The thermal degradation behavior of electrospun samples was characterized by thermogravimetric analysis (TGA) in a Q500 TGA from TA Instruments at heating rate of 20 ºC min -1 , under a nitrogen atmosphere.
The degree of porosity of the membrane was determined by the pycnometer method following the procedure described elsewhere [24] . Briefly, the weight of the pycnometer filled with ethanol was measured and labeled as 1 ; the sample with weight was immersed in the filled pycnometer. Subsequently, the sample was saturated by ethanol;
additional ethanol was added to complete the volume of the pycnometer. Then, the pycnometer was weighted and labelled as 2 ; the sample filled with ethanol was taken out of the pycnometer and the residual weight of the ethanol and the pycnometer was labelled as 3 . The porosity of the membrane was calculated according to:
The mean porosity of each membrane was obtained as the average of the values determined in three samples.
Photocatalytic activity
Photocatalytic oxidation of a methylene blue (MB) solution by TiO 2 -PMMA nanocomposite electrospun fiber membranes was performed under UV irradiation to evaluate the photocatalytic activity of the samples. Tests were performed on 5 × 5 cm 2 electrospun samples (with a thickness of ∼70 μm, measured with a Dualscope MP0R
(from Fischer) placed in the inside wall of a borosilicate-glass beaker with MB aqueous solution (50 mL, 2 mg L -1 , pH = 6.8). Prior to the degradation experiments, the samples were immersed in the MB solution and stirred for 30 min in the dark to reach an adsorption-desorption equilibrium of the MB. Subsequently, the samples were exposed under continuous stirring to UVA-radiation. The peak wavelength of the lamp was 365 nm (6 Philips 8W mercurial fluorescent lamps -UMEX). The beakers were placed at 15 cm from the illuminating device. The incident UVA radiation over the sample was measured with a UV34 Lux Meter (PCE) and the average values ranged between 1.6 and 1.7 mW⋅cm −2 . For analyzing the degradation of MB, the concentration of the MB was monitored at determined time intervals using a Varian CARY-100 UV-VIS spectrophotometer in the range of 400 to 800 nm. The photodegradation rate of MB was analyzed by monitoring the intensity variation of the main absorption peak ranging from 662 to 665 nm. A control (a fiber membrane without catalyst exposed to UV) and a dark control (a nanocomposite fiber membrane kept in the dark) were also tested.
Results and Discussion
Optimal electrospinning conditions
The average fiber diameter and standard deviation (SD) were the evolution indices of the orthogonal experiment for the preparation of the PMMA electrospun membranes. According to this definition, the maximum value of corresponds to the most important factor [21, 25] . consequently, the value of should be chosen as small as possible. Through the analysis of table 2 and 3, one can observe that the needle inner diameter plays an important role in the fiber average diameter and standard deviation, followed by the flow rate and applied electrical field, respectively. Moreover, the optimal parameters to obtain smooth and thinner fiber average diameter, based on the orthogonal experimental designed performed for the PMMA electrospun membranes is A2 (1.0 kV cm -1 ), B1 (1 mL h -1 ), and C1 (0.5 mm). broader distribution is obtained [16] . When the needle inner diameter increases, the size of the droplet at the needle tip increases, and consequently the surface tension of the droplet decreases, and for the same applied electric field, lower Coulomb forces are required to promote jet initiation. As a result, the acceleration of the jet decreases, and the jet is less stretched during the travel between the needle and the ground collector [16] , leading to membranes with higher average fiber diameter and standard deviation, as observed in figure 1 . From the orthogonal experimental design performed for the PMMA electrospun membranes one can quickly determine the impact of the different factors and their levels, which not only saves experimental time and raw materials, but also provides accurate and reliable optimal electrospun parameters for the PMMA polymer. All experiments were performed at room temperature. Insert is an image of 3 µL water droplet, placed on the surface of the membrane, obtained during the WCA measurements.
To process the TiO 2 -PMMA nanocomposite electrospun membranes, the orthogonal experimental design study performed for the polymer matrix was used to assess the best electrospinning conditions that leads to smooth fibers, without the presence of beads and small average diameter. These fiber characteristics enhance the localization of the photocatalyst ceramic particles onto the fiber surface. TiO 2 -PMMA membranes were electrospun at an electric field of 1.0 kV.cm -1 (A2), a flow rate of 1 mL.h -1 (B1), and a needle inner diameter of 0.5 mm (C1). Figure 3 presents the SEM images of the nanocomposite electrospun membranes obtained for different photocatalyst concentrations (figure 3a-c). Electrospun nanocomposite fibers present a smooth and beadless surface. Although, the photocatalyst nanoparticles do not affect the fibers surface morphology, it was observed that the average fiber diameter increases with the incorporation of TiO 2 nanoparticles in the polymer solution (figure 3d). Such behavior is probably due to the fact that the inclusion of the ceramic nanofillers can affect charge density of the solutions. The photocatalyst can be ionized and carry more polymer solution to the needle tip, leading to an increase of the polymer jet between the needle tip and the metallic ground collector, and consequently leads to membranes with higher fiber diameter [16] . It is noteworthy that an increase of the TiO 2 nanoparticles concentration present in the solution leads to the formation of clusters on the surface of the polymer fibers, as it can be seen in figure 3 (b and c).
The surface area to volume ratio can be estimated from the average surface diameter ( )
In the present work it was observed that the surface ar3e to volume ratio decreases from 4.1 ± 1.7 m -1 , calculated for neat PMMA fibers, down to 3.1 ± 0.7 m -1 , obtained for the sample with 40 wt% TiO 2 . Wettability measurements showed that the prepared electrospun membranes have a strong hydrophobic behavior, with an average water contact angle 115 ± 2º. Further, it was observed that the incorporation of the ceramic photocatalyst does not influence the overall pristine and nanocomposite wettability (inserts of figure 2b and 3, and Figure 4 ).
Electrospun pristine and nanocomposite membrane porosity was calculated through equation 2 and it was found that the membrane porosity was in the range 79 ± 3%, and the immobilization of the ceramic photocatalyst does not influence the overall porosity of the fibers. Similar results were reported for TiO 2 -poly(amide) electrospun membranes [17] . 
Nanocomposites thermal behavior
The hydrophobic nature of the PMMA matrix can be confirmed from the TGA and WCA experiments, where no adsorbed water was detected for all the tested samples (figure 6a). Moreover, the thermal stability of the polymer was increased with the incorporation of the ceramic photocatalyst by ~ 10 ºC when compared to the pristine PMMA electrospun fiber membrane (figure 6b). The onset degradation temperature ( ), which can be obtained by extending the pre-degradation portion of the curve to the point of interception with a line drawn as a tangent to the steepest portion of the mass curve occurring degradation, shows a shift towards higher temperatures with the incorporation of the photocatalyst (table 4) . The midpoint temperature (temperature at 50 % of the loss, 0.5 ) is increased compared to the PMMA by more than 20 ºC (figure 6a), in agreement with previous findings reported for the PMMA nanocomposites [28] [29] [30] .
It is interesting to observe that in the case of the TiO 2 nanocomposite samples, the degradation step at lower temperatures is reduced with the increasing of the photocatalyst content in the electrospun fiber mats, but it is not totally suppressed (figure 6b). Costache et al. [28] reported that the incorporation of carbon nanotubes (CNTs) into a PMMA film lead to an increase of the thermal stability of the polymer matrix, reducing the lower temperature thermal degradation step. The residual weight at 500 ºC was recorded for the polymer and nanocomposite samples, and it reveals that there is a loss of photocatalyst nanoparticles weight during the electrospinning process when the TiO 2 amount present in the polymeric solution exceeds the 10 wt% (figure 6c). For the sample with 40 wt% ceramic powder present in the solution, it was found that the real amount of photocatalyst present in the fibers was 32 wt%, which corresponds to a loss of 8 wt% of nanoparticles during electrospinning.
This loss of TiO 2 nanoparticles during the processing is probably due to ionization and acceleration of the ceramic particles between the needle tip and the ground collector, when a high electric filed is applied, and it is in accordance to the average fiber diameter evolution presented in figure 3 .
The temperature of the maximum decomposition ( 1 and 2 ) peak obtained from the DTG curves (figure 6c), showed that no detectable changes were observed for the first degradation step ( 1 ), while a shift toward higher temperature was observed for 2 , with the increasing of the photocatalyst particles present in the fiber membranes (table   4) , which shows that the decomposition of the nanocomposite electrospun samples are slower than the pristine polymer membranes. An explanation could be that the higher content of the inorganic filler quenches the applied thermal energy so it doesn't reach the organic PMMA and finally retards the degradation. For that the decomposition is shifted towards higher temperature. The photocatalytic activity was tested by degrading MB in an aqueous solution under UV irradiation. To validate the comparisons between the photocatalytic assays, all tested electrospun membranes presented similar thickness (~70 m) and porosity (79 ± 3%,), and a PMMA pristine membrane was used as a control. Figure 7a membrane's main function is to support the photocatalyst. A stronger decrease in the reaction rate constant was observed for the TiO 2 immobilized in PA12 and PA6 [17, 19] . Despite the reduction of the reaction rate constant, the immobilization of the photocatalyst particles onto the surface of the polymeric fibers seems to be an interesting method for photocatalysis. In a particle suspension, there is a need of an extra step to collect the nanophotocatalyst, which can be time consuming, expensive, and probably giving origin to loss of particles during this process.
The obtained results suggest that a higher surface area of the polymer fiber membrane leads to a more efficient light interaction with the TiO 2 nanoparticles. Moreover, after 100 min, the sample with highest amount of TiO 2 nanoparticles achieved nearly 100% of degradation (figure 7d).
Conclusions
An orthogonal experimental design was developed to assess the effect of the electrospinning parameters in the PMMA average fiber diameter and distribution. It was observed that while the applied electrical field does not influence the polymer average fiber diameter, increasing flow rate and needle inner diameter leads to fibers with higher average diameter. Based on the analysis of the orthogonal experimental design, electrospun nanocomposite membranes were processed with the experimental parameters that led to the lowest polymer fiber average diameter. Nanocomposite fiber membranes presented an average fiber diameter in between 2.0 ± 0.5 m down to 1.2 ± 0.2 m for the sample with highest concentration. Moreover, sample's wettability was independent of the filler and showed a strong hydrophobic behavior.
Thermogravimetric analysis showed that for polymer solutions with filler content higher than 10 wt%, there was a loss of the photocatalytic particles during the electrospinning process, and this behavior was more evidenced for the sample with 40 wt% particles, with a loss of 8 wt% particles during the process. This is probably due to the interaction between the ionized particles and the applied electric field. The immobilization of the TiO 2 nanoparticles in the polymer fibers led to an increase on the thermal stability, almost suppressing the polymer thermal degradation step that occurred at lower temperatures.
The photocatalytic performance of the processed samples was assessed by degrading methylene blue, as a model pollutant. The obtained results showed that the nanocomposite electrospun fiber membranes had a remarkable photocatalytic activity, especially those with a higher amount of TiO 2 , with nearly all the MB dye being removed from the solution after 100 min. Finally, the orthogonal experimental design revealed to be an efficient way to save time and raw materials in the production of photocatalytic membranes. Also, the immobilization of the ceramic nanoparticles avoids the extra step usually associated to the recovery of the nanoparticles present in the suspension.
